Objectives: This study was designed to evaluate binaural temporal processing in young and older adults using a binaural masking level difference (BMLD) paradigm. Using behavioral and electrophysiological measures within the same listeners, a series of stimulus manipulations was used to evaluate the relative contribution of binaural temporal fine-structure and temporal envelope cues. We evaluated the hypotheses that age-related declines in the BMLD task would be more strongly associated with temporal fine-structure than envelope cues and that age-related declines in behavioral measures would be correlated with cortical auditory evoked potential (CAEP) measures.
INTRODUCTION
Our ability to perceive sounds of interest in the presence of background competition is aided by the ability of the brain to process subtle differences between sounds arriving at the two ears. An important cue known to improve signal detection in noise is the difference in stimulus phase between the ears (Hirsh 1948) , which can be evaluated using the binaural masking level difference (BMLD) paradigm. In a typical BMLD task, detection thresholds are measured in a baseline diotic condition where tonal signals and noise are presented in-phase at the two ears (e.g., NoSo) and in a comparison dichotic condition, where either the tones or the noise are out-of-phase at the two ears (e.g., NoSπ ; Hirsh 1948; Pichora-Fuller & Schneider 1991; Wilson et al. 2003) . The dichotic, antiphasic (NoSπ or NπSo) conditions lead to a measurable improvement in detection threshold relative to the diotic condition and, thus, a masking release. Phase values between zero and π produce intermediate masked thresholds. The BMLD is derived by computing the difference in threshold between the baseline and comparison condition and provides an index of the masking release.
The magnitude of the BMLD is known to be influenced by different characteristics of the signal and masker (e.g., signal frequency and noise bandwidth). For example, a 500-Hz tone presented in an antiphasic condition (NoSπ) with a continuous broadband masker generally produces a large BMLD, on the order of 15 dB (Durlach & Colburn 1978; Pichora-Fuller & Schneider 1991) . The masking release declines with increasing signal frequency: an effect that has been attributed to the ability of auditory nerve fibers to phase lock to the temporal fine structure of low-versus high-frequency stimuli (Palmer & Russell 1986 ). The masking release also increases with decreasing masker bandwidth (Hall & Harvey 1985) . The inverse relationship between BMLD magnitude and masker bandwidth is related to the temporal envelope of the masker. Noise bands are known to have random amplitude fluctuations from moment to moment. The rate of amplitude fluctuation decreases as the noise bandwidth decreases (Rice 1954) , thus producing slow peaks and valleys in the temporal envelope of the masker. Slow amplitude fluctuations are more perceptually salient and are typically perceived as changes in loudness, whereas faster fluctuations are often heard as changes in "roughness" (Fastl & Zwicker 2007) . When a tonal signal is presented in narrowband noise, it results in robust changes in the statistics of the temporal envelope (e.g., Eddins & Barber 1998; Hall et al. 1998; Buss et al. 2003; Goupell 2012 ). Thus, depending on the characteristics of the signal and masker used in a BMLD paradigm, binaural temporal fine-structure and temporal envelope cues may differentially influence the magnitude of the BMLD. Eddins and Barber (1998) investigated the relative contributions of temporal fine-structure and envelope cues to the BMLD by parametrically varying the signal frequency (500 versus 4000 Hz) to differentially impact the usability of interaural fine-structure cues and masker type (Gaussian noise [GN] versus low-noise noise [LNN] ) to differentially impact the availability of useful interaural envelope cues. Compared with GN, LNN has a relatively flat temporal envelope and can be generated by minimizing the fluctuations in the power of the waveform, as described by Pumplin and Hartman (Hartmann & Pumplin 1988 Pumplin 1985) . Alternatively, Kohlrausch et al. (1997) showed that LNN could be generated by extracting the Hilbert envelope of a GN, dividing the noise waveform by its envelope and filtering the stimulus to the desired bandwidth in the frequency domain. Evaluating BMLDs using both GN and LNN, Eddins and Barber (1998) showed that BMLDs were significantly smaller for the 4000-Hz than for the 500-Hz stimulus frequencies regardless of masker type, reflecting a reduced ability to use binaural temporal fine-structure cues at higher frequencies. At both frequencies, the BMLDs were smaller in LNN versus GN conditions, demonstrating the dependence of the BMLD on available envelope cues (Eddins & Barber 1998) . Similar results using comparable stimulus conditions were reported by Hall et al. (1998) . The binaural release from masking has been explained in the context of a model in which signal detection relies on a change in interaural cross-correlation after an initial stage of compression ( Bernstein & Trahiotis 1996; Bernstein et al. 1999) . That is, when a signal is added out-of-phase (Sπ) to a diotic, homophasic noise (No), it introduces an interaural decorrelation that can be quantified using a normalized cross-correlation metric ( Bernstein & Trahiotis 1996) . This model has been used to account for a wide range of binaural detection and discrimination data (Bernstein & Trahiotis 2009 .
The BMLD also may vary with listener attributes. Specifically, several studies have shown that advancing age results in poorer performance on BMLD tasks, due primarily to poorer thresholds in older adults for dichotic conditions (e.g., NoSπ), leading to smaller BMLDs with increasing age (Pichora-Fuller & Schneider 1991; Grose et al. 1994; Strouse et al. 1998 ). Age effects have been shown for both tonal and speech signals, independent of peripheral hearing loss, and are thought to reflect declines in binaural temporal fine-structure coding (Pichora-Fuller & Schneider 1991; Strouse et al. 1998) . Dubno et al. (2008) investigated the effects of age and temporal envelope on BMLDs measured for 500-Hz tones in GN and LNN. Although they reported no significant age effects for a group of young and older listeners with clinically normal pure-tone thresholds, they observed temporal envelope effects such that smaller BMLDs were obtained for LNN versus GN maskers, consistent with previous studies (Eddins & Barber 1998; Hall et al. 1998) . What remains unclear from these investigations is how the relative contributions of both temporal fine-structure and temporal envelope cues to the BMLD change with age.
To examine potential physiological correlates of the BMLD in humans, Fowler and Mikami (1992a,b) used a continuous change paradigm to show that the BMLD could be estimated from auditory cortical responses in young listeners with normal hearing. By varying masker bandwidth in a manner similar to that of Hall and Harvey (1985) , they showed that the effect of masker bandwidth, and thus temporal envelope, on electrophysiological estimates of the BMLD was similar to that reported for behavioral measures.
To evaluate binaural temporal fine-structure processing, an alternative task that has been used is the detection of interaural phase differences (IPD). In this task, listeners often are asked to detect a change in the interaural phase of amplitude-modulated tones over a range of tonal carrier frequencies. Behavioral measures of IPD processing in young, middle-age, and older adults show a gradual decrease in the upper frequency limit of IPD sensitivity such that young listeners can use binaural temporal fine-structure cues to detect phase changes up to approximately 1300 Hz, middle-age listeners to approximately 1150 Hz, and older listeners to approximately 950 Hz (Ross et al. 2007; Grose & Mamo 2010) . Comparable age-related declines in the upper frequency limit of IPD sensitivity have also been demonstrated in cortical evoked response measures where younger adults showed sensitivity up to 1225 Hz and older adults up to 760 Hz, consistent with changes in behavioral sensitivity (Ross et al. 2007; Papesh et al. 2017 ). As such, it might be predicted that age-related declines in binaural temporal finestructure coding also would be observed in other electrophysiological measures such as those used by Fowler and Mikami (1992b) to index the BMLD.
Over the years, a range of auditory evoked response measures have been used to investigate neural correlates of the BMLD along the central auditory pathway, including the auditory brainstem response, middle latency response, brainstem frequency-following response, brainstem and cortical auditory steady state responses (at 500 Hz), and cortical/late auditory evoked responses (e.g., cortical auditory evoked potentials [CAEPs] ). While brainstem and midbrain measures have failed to demonstrate reliable and robust BMLDs (Fowler & Mikami 1996; Ishida & Stapells 2009 ), BMLDs have been reported for cortical auditory steady state responses at low (7 and 13 Hz) but not high (e.g., 40 or 80 Hz) modulation rates carried by 500 Hz (Wong & Stapells 2004) and for CAEPs (Fowler & Mikami 1992a,b) . Importantly, Fowler and Mikami (1992a,b) showed a strong relationship between CAEP and behavioral BMLDs measured in the same subjects that were larger for 500-Hz tones in narrowband (50-Hz wide) versus broadband noise. One interpretation of those data is that the masker dependency was due to the differential contribution of temporal envelope cues in signal detection. To date, the differential influence of temporal envelope and fine-structure coding on the magnitude of the BMLD has not been investigated using electrophysiological responses. Further, it is not certain whether processing of these two prominent temporal cues are equally affected by advancing age and elevated pure-tone thresholds. Here, we demonstrate in a parametric investigation that behavioral and electrophysiological BMLDs are highly correlated and that both are reduced in older adults with normal hearing or mild-to-moderate hearing loss, compared with younger normal-hearing adults. By manipulating the availability of temporal envelope cues, we also show that the age-related changes in the BMLD can be attributed to declines in binaural temporal fine-structure coding in the presence of preserved temporal envelope coding.
MATERIALS AND METHODS

Participants
Thirty listeners participated in the study and were grouped according to age and hearing sensitivity; 10 young, normalhearing adults (YNH) ages 21 to 32 years (mean = 26.3 years; 8 female) with pure-tone thresholds ≤15 dB HL from 250 to 4000 Hz; 10 older, normal-hearing adults (ONH) ages 61 to 78 years (mean = 69.6 years; 9 female) with clinically normal mean pure-tone thresholds ≤25 dB HL from 250 to 4000 Hz, and 10 older, hearing-impaired adults (OHI) ages 61 to 81 years (mean = 71.3 years; 6 female) with symmetric, flat, mild-tomoderate sensorineural hearing loss with mean pure-tone thresholds of 43 dB HL (right ears) and 44 dB HL (left ears) from 250 to 4000 Hz. Mean and standard deviation of audiometric results for the 3 participant groups are shown in Figure 1 . The study protocol was approved by the University of South Florida Institutional Review Board. All participants gave written informed consent before audiometric and other testing and were paid for their participation.
Stimuli
Tonal stimuli consisted of 500-and 4000-Hz tone bursts (duration: 400-msec, 10-msec cos 2 rise/fall) generated digitally at a sample rate of 24.4 kHz (Tucker Davis Technologies [TDT] RP2 or RX6). Narrowband (50-Hz wide) noise stimuli were centered at the signal frequency (i.e., 500 or 4000 Hz). Masker stimuli were generated in the frequency domain by filling portions of two buffers with the appropriate magnitudes and phases before inverse fast Fourier transform. For GN maskers, the magnitude buffer included random values from a Rayleigh distribution, and the phase buffer included random values from a uniform distribution (0 to 2π). After the same steps, LNN maskers were generated by extracting the Hilbert envelope of a GN, dividing the waveform by its envelope, and filtering the stimulus to the desired bandwidth in the frequency domain (Kohlrausch et al. 1997) . Custom MATLAB scripts were used to generate a library of masker files (.wav format) 10 minutes in duration that were selected randomly with replacement and played continuously via computer soundcard during behavioral and electrophysiological testing. The tonal signals and maskers were routed through a summer (TDT SM3), headphone buffer (TDT HB6 or HB7) and delivered binaurally via Etymotic ER-2 insert earphones in homophasic (NoSo) and antiphasic (NoSπ) conditions. All stimuli were calibrated at the output of the earphones using a calibrator (B&K 4230), ear simulator (Knowles Electronics DB-100), ½-in" pressure microphone (B&K 4134), preamplifier (B&K 4134), and power conditioner (G.R.A.S. 12AA) routed to a multimeter (Fluke 45).
Procedure
Behavioral thresholds for diotic (So) and dichotic (Sπ) tones were measured in a continuous diotic (No) masker (60 dB spectrum level or 77 dB SPL) using a three interval forcedchoice paradigm with a three-down, one-up tracking algorithm estimating 79.4% correct detection (Levitt 1971 ). The starting level of the signal was 80 SPL and was the same for all participants. Before data collection, the participants were familiarized with the task on at least two, 60-trial blocks. Signal level was adaptively varied in 2-dB step sizes. Threshold was taken as the average level presented on the last even number of reversals, excluding the first three reversals. Mean threshold for a given condition was based on the average of three, 60-trial blocks. When the standard deviation of the threshold estimates was ≥2.5 dB, additional runs were administered. In total, there were eight conditions; homophasic (NoSo) and antiphasic (NoSπ) thresholds measured for 500-and 4000-Hz tones in each noise condition (GN and LNN). Stimulus generation, presentation, response collection, and visual feedback were controlled using the TDT SykoFizX software application.
CAEP (P1-N1-P2) thresholds were measured subsequent to behavioral testing on different days and times. During data collection, the participants were seated in a sound-attenuating booth and listened passively to the stimuli while either watching a closed-captioned video or reading silently. Evoked responses were obtained using a standard clinical montage with three electrodes; the noninverting electrode on the vertex (Cz), inverting electrode on the right earlobe (A2), and ground on the left earlobe (A1). Electrode impedances were monitored manually throughout data collection and were maintained at ≤5 kohm. Electrodes were connected to a headstage (TDT HS4), routed to a preamplifier (TDT DB4), and then to an A/D converter (TDT RP2). Data were sampled at 25 kHz, recorded over a 500-msec time window post-stimulus onset, band-passed filtered online from 1 to 30 Hz, amplified ×50,000, and averaged using BioSig software (TDT).
Before averaging, the software automatically rejected trials as artifacts if response amplitudes exceeded the artifact criterion window (>±100 µV). No eye blink monitoring was used. Tonal stimuli were generated using SigGen software (TDT) and presented at rate of 0.5 per second using BioSig (TDT) software. The masker was controlled with a custom MATLAB script and presented continuously via the computer soundcard. A minimum of two replicable evoked responses, based on 100 artifact-free samples, were collected and averaged for each of the eight stimulus conditions. The initial stimulus level was +20 dB re: behavioral thresholds (measured during a separate session) for each condition and was decreased in 4-dB steps until no response was observed. The level was then increased in 2-dB steps until a repeatable response was obtained. Threshold was defined as the lowest level at which the N1 component was present between approximately 90 and 150 msec in both replications. Figure 2 shows an example of 2 threshold series measured for a 500-Hz GN masker in the NoSo and NoSπ conditions for 1 ONH participant, with threshold estimates shown in dashed red lines. BMLDs based on CAEP thresholds were computed in the same manner as those measured for behavioral thresholds (i.e., NoSo − NoSπ). In this example, the BMLD would be 8 dB.
For each listener, peaks in their averaged waveforms were marked manually for N1 and P2 to quantify peak latencies and N1-P2 peak to peak amplitude. To account for differences in absolute threshold across participants and conditions, latency and amplitude measures were evaluated at a single level of +20 dB SL relative to each participant's threshold for each stimulus condition. Two independent, experienced observers judged the thresholds, response latencies, and amplitudes blind to the stimulus condition. The two observers were not both present during the data collection process.
Data Analysis
Preliminary statistical analyses using repeated-measures analysis of variance indicated that tests for homogeneity of variance, using Levene test and p < 0.05, were not met for some data comparisons (4 of 16 threshold measures and 3 of 8 BMLD measures). As a result, the independent-samples Kruskal-Wallis H test was used to evaluate group effects, incorporating both age and hearing status (YNH, ONH, OHI), for all measures (behavioral and CAEP thresholds, BMLDs, N1-P2 amplitudes, N1 and P2 latency). This is a robust, nonparametric alternative to the ANOVA when the assumptions of normality and equal variance may not be met. With this approach, the data values were replaced by their rank within the full data set being evaluated (e.g., 1 to 30 in this study), and rank sums were computed for each subject group. The Kruskal-Wallis H statistic, which approximates a χ 2 distribution, was computed (after correcting for rank ties) and compared with critical χ 2 values to determine significance. When significant differences were observed, posthoc tests were completed using Dunn pairwise comparisons with Bonferroni correction (for multiple comparisons) to quantify mean rank differences across groups. In addition, a Pearson-product moment correlation was used to evaluate the relation between behavioral and electrophysiological BMLDs within and across groups. All statistical analyses were completed using IBM SPSS Statistics -version 22.
RESULTS
Behavioral Thresholds
Figure 3 (left panels) displays the behavioral thresholds for 500-Hz (Fig. 3A) and 4000-Hz (Fig. 3C ) stimuli with the homophasic and antiphasic (NoSo, NoSπ) conditions and noise maskers (GN, LNN) indicated on the abscissa. The boxes span the 25th to 75th percentiles, the horizontal line corresponds to the median, and vertical bars span 10th to 90th percentiles. Statistical results from the Kruskal-Wallis H test, and posthoc analyses for behavioral and CAEP thresholds are reported in Table 1 . For behavioral thresholds, Kruskal-Wallis results indicated a significant effect of group only for NoSπ thresholds at 500 Hz in GN maskers (χ 2 (2) = 12.43, p = 0.002; Fig. 3A , second triad of boxes). Posthoc pairwise comparisons using mean 
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EDDINS AND EDDINS / EAR & HEARING, VOL. 39, NO. 3, [594] [595] [596] [597] [598] [599] [600] [601] [602] [603] [604] rank differences demonstrated that thresholds for YNH were significantly lower than both ONH (z = 2.95; p = 0.01) and OHI (z = 3.15; p = 0.005), but the two older groups were not different from each other (z = 0.20; p = 1.0). As seen in Figure 3A and C, the reference NoSo thresholds (first triad of boxes) were nearly identical across cohorts. No significant group effects were observed for NoSo or NoSπ thresholds in the 4000-Hz conditions. Although LNN maskers resulted in lower thresholds than GN maskers for all groups, no significant group effects were observed for LNN maskers in either the 500-Hz or 4000-Hz conditions.
CAEP Thresholds
Figure 3 (right panels) shows the CAEP thresholds for the 500-Hz (Fig. 3B ) and 4000-Hz (Fig. 3D) conditions. The thresholds were on average 10 to 15 dB SPL higher than behavioral thresholds, yet they demonstrated a similar pattern across conditions and participant groups. No significant group effect was observed for the NoSo threshold conditions at 500 Hz or for the NoSo or NoSπ conditions at 4000 Hz. There was a significant group effect for NoSπ thresholds at 500 Hz in both GN maskers (χ 2 (2) = 8.44; p = 0.015) and LNN maskers (χ 2 (2) = 6.98; p = 0.031; Fig. 3C , second and fourth triad of boxes). Posthoc pairwise comparisons for GN maskers showed that CAEP thresholds for YNH listeners were significantly different from OHI (z = 2.82; p = 0.014) but not from ONH (z = 2.01; p = 0.133) listeners and the two older groups were not different from each other (z = 0.81; p = 1.0). Likewise, for LNN maskers, NoSπ thresholds for YNH listeners were significantly lower than those for OHI (z = 2.40; p = 0.048) but not for ONH (z = 2.15; p = 0.095), while the two older groups were not different from each other (z = 0.26; p = 1.0). The pattern of CAEP thresholds is consistent with that for behavioral thresholds.
Behavioral BMLDs
The BMLD was derived as the difference between the homophasic (NoSo) and antiphasic (NoSπ) thresholds. Figure 4 (left panels) shows the median, 25th to 75th and 10th to 90th percentile ranges for behavioral BMLDs computed for the GN and LNN maskers for 500-Hz (Fig. 4A ) and 4000-Hz (Fig. 4C) conditions. Statistical results of the Kruskal-Wallis H test and posthoc analyses for behavioral and CAEP BMLDs are reported in Table 2 . For behavioral BMLDs, the results indicated a significant group difference for 500 Hz for both GN maskers (χ 2 (2) = 10.75; p = 0.005) and LNN maskers (χ 2 (2) = 10.56; p = 0.005; Fig. 4A ). Posthoc pairwise comparisons for GN maskers showed that BMLDs for YNH listeners were significantly larger than those for ONH (z = −2.80; p = 0.016) and for OHI (z = −2.88; p = 0.012) listeners, while the older groups were not different from each other (z = −0.9; p = 1.0). Although the BMLDs for LNN maskers were smaller than those for GN, pairwise comparisons again showed that BMLDs for YNH listeners were significantly larger than those for ONH (z = −2.54; p = 0.033) and for OHI (z = −3.02; p = 0.007) listeners, but the older groups were not different from each other (z = −0.50; p = 1.0). There were no significant group differences for BMLDs at 4000 Hz for either noise masker. Figure 4 (right panels) shows the median, 25th to 75th and 10th to 90th percentile ranges for CAEP BMLDs for 500-Hz (Fig. 4B ) and 4000-Hz (Fig. 4D ) stimulus conditions. The pattern of BMLDs estimated from CAEP thresholds was similar to that observed for behavioral BMLDs across both noise and frequency conditions. Results of the Kruskal-Wallis H test indicated a significant group difference in the CAEP BMLD for 500 Hz in both GN maskers (χ 2 (2) = 9.274; p = 0.010) and LNN maskers (χ 2 (2) = 13.783; p = 0.001; Fig. 4B ). Posthoc pairwise comparisons for GN maskers showed that BMLDs for YNH listeners were significantly larger than those for OHI (z = −3.04; p=0.007) listeners but not for ONH (z = −1.60; p = 0.33). The two older groups also were not different from each other (z = −1.45; p = 0.445). Similar to the behavioral BMLD results, the LNN maskers led to smaller CAEP BMLDs than GN maskers for all groups, yet group differences were still observed at 500 Hz. Posthoc comparisons showed that BMLDs for YNH listeners were larger than those for ONH (z = −3.30; p = 0.003) and OHI (z = −3.13; p = 0.005) listeners. The older groups were not different from each other (z = 0.17; p = 1.0). There were no significant group differences for CAEP BMLDs at 4000 Hz for either noise masker. Figure 5 illustrates grand average CAEP responses for each group for the four 500-Hz (Fig. 5, left) and 4000-Hz (Fig. 5,  right) stimulus conditions, respectively. The averages were computed from individual responses measured at +20 dB SL relative to their behavioral thresholds for each condition. To account for absolute threshold differences across listeners, group effects for N1 and P2 latencies and N1-P2 peak to peak amplitudes were evaluated at +20 dB SL for 500-Hz and 4000-Hz stimuli in both masker (GN and LNN) and phasic (NoSo and NoSπ) conditions. Statistical results from the Kruskal-Wallis H test and posthoc analyses for both N1 and P2 latencies are reported in Table 3 .
CAEP BMLDs
N1 and P2 Latencies and Amplitudes
There were significant group effects for N1 latency in two conditions with GN maskers; 500 Hz, NoSo (χ 2 (2) = 7.243; p = 0.027) and 4000 Hz NoSo (χ 2 (2) = 9.993; p = 0.007). For the 500-Hz condition, pairwise comparisons showed that YNH listeners had significantly longer N1 latencies than ONH (z = −2.41; p = 0.05) but not OHI listeners (z = −2.24; p = 0.08). In contrast, pairwise comparisons for the 4000-Hz NoSo condition showed YNH had significantly longer N1 latencies than OHI (z = −3.11; p = 0.01) but not ONH listeners (z = −2.03; p = 0.13). The older groups did not differ from one another in any condition (see Figure, Supplemental Digital Content 1, http://links.lww.com/EANDH/A393, which illustrates N1 latencies across groups and stimulus conditions).
Analyses of group differences for P2 latencies were also completed for measures obtained at +20 dB SL and indicated significant differences in four of the eight test conditions. For 500 Hz, LNN-NoSo (χ 2 (2) = 7.685; p = 0.021), ONH had longer P2 latencies than YNH (z = 2.74; p = 0.01), but no other group differences were observed. For 4000 Hz, GN-NoSo (χ 2 (2) = 8.553; p = 0.014), the only group difference showed that ONH had longer P2 latencies than OHI (z = −2.92; p = 0.01). For 4000 Hz, GN-NoSπ (χ 2 (2) = 7.81; p = 0.020), ONH had longer P2 latencies than YNH (z = 2.63; p = 0.026), but no other (2) = 6.56; p = 0.038), ONH had longer P2 latencies than YNH (z = 2.52; p = 0.04). While there were no consistent patterns based on frequency or masker type, the pairwise comparisons for each of the four conditions indicated that P2 latencies were always longer for ONH than either YNH or OHI listeners. All group differences were relatively small in absolute value (see Figure, Supplemental Digital Content 2, http://links.lww.com/ EANDH/A394, which illustrates P2 latencies across groups and stimulus conditions). Statistical results of the Kruskal-Wallis H test for N1-P2 amplitudes, reported in Table 4 , revealed no significant group differences across the eight stimulus conditions (see Figure, Supplemental Digital Content 3, http://links. lww.com/EANDH/A395, which illustrates N1-P2 amplitudes across groups and stimulus conditions, and Table, Supplemental Digital Content 4, http://links.lww.com/EANDH/A396, which includes latency and amplitude mean data). Figure 6 shows the CAEP BMLDs plotted as a function of behavioral BMLDs for all 30 participants across all frequency, phase, and noise conditions. Pearson-product moment correlations were performed for each group to quantify the correlation between behavioral and physiological BMLDs. There was a significant and orderly relationship for all groups with YNH showing the strongest correlation (r = 0.89; p < 0.01), followed by ONH (r = 0.80; p < 0.01) and OHI (r = 0.68; p < 0.01). Using a regression analysis, the slopes of the functions were not significantly different between the YNH and ONH groups (t = −0.405; p = 0.686), but the slope for the OHI group was different from YNH (t = 2.310; p = 0.024) and ONH (t = 2.239; p = 0.028). These results support the contention that BMLDs derived from CAEP thresholds provide a robust neurophysiological index of binaural temporal processing across age and hearing loss.
Behavioral and Electrophysiological Correlations
DISCUSSION
Using behavioral and electrophysiological methods, the present study investigated masked tone thresholds using the BMLD paradigm and several stimulus manipulations designed to evaluate the potential effects of age and hearing loss on processing of binaural temporal fine-structure and binaural temporal envelope cues. The availability of usable temporal fine-structure cues was controlled by varying the signal frequency (500 and 4000 Hz), and the availability of usable temporal envelope cues was manipulated by varying the noise type (GN and LNN) .
For both behavioral and CAEP measures, there was no effect of group on NoSo thresholds. Thus, masked tone thresholds without binaural cues were not impacted substantially by increasing age or the presence of hearing loss. For the dichotic conditions, comparisons across the various conditions allow a differential evaluation of the contribution of temporal envelope and fine-structure cues to the BMLD.
In the 500-Hz GN condition, where robust fine-structure and envelope cues should be available, ONH and OHI have smaller behavioral BMLDs than YNH, and OHI have smaller CAEP BMLDs than YNH. This could be due to an age-related reduction in the ability to use either binaural temporal fine-structure cues or binaural temporal envelope cues. When comparing the 500-Hz GN and LNN maskers, where the latter effectively minimizes the temporal envelope cues, both behavioral and CAEP BMLDs are reduced by about the same amount for all groups, and the significant group differences between YNH and the two older groups are maintained. These data indicate that all groups rely on binaural temporal envelope cues to the same degree-a result that is consistent with the hypothesis that older listeners are less able to benefit from binaural temporal fine-structure cues than younger listeners.
In the 4000-Hz GN condition, where fine-structure cues are not usable by the auditory system, the BMLDs are smaller for all groups, but the age difference no longer exists. This indicates that the use of binaural temporal envelope cues is similar across all groups, and the age differences at 500 Hz were associated with an age-related reduction in the use of binaural temporal fine-structure cues. The BMLDs again were reduced (from ~8 dB to 0 dB) in LNN compared with GN maskers by the same amount for all groups. The complete elimination of the BMLD in LNN at 4000 Hz emphasizes the reliance on binaural temporal envelopes cues for BMLDs at high frequencies.
Changes in behavioral thresholds associated with the temporal manipulations used here were consistent with previous psychophysical results employing similar stimulus conditions (e.g., Eddins & Barber 1998; Hall et al. 1998) . Thresholds estimated from CAEP recordings also were consistent with previous CAEP studies investigating the BMLD (e.g., Fowler & Mikami 1992a,b) , even though we did not use identical stimulus frequencies or noise types. Beyond the BMLD, previous psychophysical and electrophysiological studies have demonstrated age-related declines in binaural temporal fine-structure coding using GN, Gaussian noise; LNN, low-noise noise; OHI, older, hearing-impaired adults; ONH, older, normal-hearing adults; Noso, homophasic signal condition; Nosπ, antiphasic signal condition; YNH, young, normal-hearing adults. alternative stimulus paradigms, such as interaural phase discrimination (Ross et al. 2007; Grose & Mamo 2010) . Here, we extend these results by examining changes in how the auditory system processes both temporal fine-structure and temporal envelope cues with advancing age (YNH versus ONH) and hearing loss (ONH versus OHI). There were no group differences for any of the high-frequency conditions, where the BMLD is derived presumably from binaural temporal envelope cues. This indicates GN, Gaussian noise; LNN, low-noise noise; OHI, older, hearing-impaired adults; ONH, older, normal-hearing adults; Noso, homophasic signal condition; Nosπ, antiphasic signal condition; YNH, young, normal-hearing adults. that the use of temporal envelope cues in the BMLD paradigm is not markedly compromised by aging. In contrast, reduced behavioral and CAEP BMLDs with age in the low-frequency conditions are consistent with reduced temporal fine-structure coding as has been shown with other binaural paradigms (e.g., Ross et al. 2007; Grose & Mamo 2010; Papesh et al. 2017) . The observed age effects in our data differ from those reported previously by Dubno et al. (2008) . They measured behavioral BMLDs for 500-Hz tones in GN and LNN maskers for a group of younger and older normal-hearing adults and showed no differences between groups. It is likely that the source of these cross-study differences is rooted in methodological differences known to influence the magnitude of masking release such as the choice of noise bandwidth, continuous versus gated maskers, and LNN stimulus generation techniques. Although it seems less likely, it also is possible that the respective studies sampled subjects from different regions of the same distribution.
More detailed analyses of the CAEP data using the common physiological measures of N1 and P2 latency and N1-P2 amplitude obtained from a single suprathreshold signal level for each participant (+20 dB SL) failed to provide clear differences. The variability across conditions and groups, which was likely impacted by the relatively small sample sizes of 10 per group, rendered both latencies and amplitudes less reliable indices of age-related changes in binaural temporal processing than thresholds and derived BMLDs. Nonetheless, some orderliness in the pattern of results was observed, such as longer latencies for 500-Hz versus 4000-Hz stimuli for many of the conditions. Although this study was not explicitly designed to assess the clinical utility of using the CAEP to measure the BMLD, the electrophysiological recording methods used here (i.e., electrode montage and threshold search procedure) lend themselves to clinical implementation. Future research may extend the findings reported here by examining binaural temporal fine-structure coding over a broader age range to determine when such coding starts to decline and at what rate. It also would be beneficial to include a broader age range of hearingimpaired participants to have a more balanced evaluation of the contributions of age and hearing loss to changes in binaural temporal processing. In addition, it would be useful to evaluate potential improvements in perceptual performance and underlying neural encoding that might occur after different forms of intervention (i.e., assistive technology, amplification, aural rehabilitation, and auditory training). Finally, more detailed electrophysiological recordings using an increased number of electrodes and advanced neurophysiological analyses (i.e., source localization) may provide insight into the nature of and the cortical regions associated with the decline in temporal processing with age.
CONCLUSIONS
Using a parametric approach to assess changes in central auditory processing of binaural temporal envelope and finestructure cues, this study demonstrated an age-related decline in binaural temporal fine-structure coding with preserved binaural temporal envelope coding. We also determined that such changes can be reliably measured and indexed using either behavioral or CAEP threshold measurement techniques. The BMLDs derived from each technique were strongly correlated across all conditions and participant groups, and both derived measures revealed age-related declines in processing binaural temporal fine-structure cues.
Behavioral BMLD (dB) Fig. 6 . Scatterplot of behavioral and cortical auditory evoked potential binaural masking level differences for each participant across all 8 frequency, phase, and noise conditions. Groups are differentiated by colored symbols and lines representing linear regression fits of the data. Pearson-product correlation values for each group are indicated in the inset. All correlations were significant (p < 0.01) for each group, and only the older, hearing-impaired adults group was significantly different (p < 0.01) from the other two groups (young, normal-hearing adults and older, normal-hearing adults).
